Objective-To measure lung blood flow and flow through the foramen ovale in the normal human fetus and to assess the changes in each with gestational age and the proportions of combined ventricular output that the respective flows represent. Patients and design-38 normal fetuses (gestational age 18-37 weeks) were studied prospectively with Doppler echocardiography. Methods-Echocardiographic images and Doppler velocity signals were obtained from the ascending aorta, main pulmonary artery, and ductus arteriosus from each fetus and digitised to obtain arterial diameters, heart rates, and velocity-time integrals. Blood flow in each artery was calculated as the product of heart rate, flow-velocity integral, and arterial cross sectional area. Blood flow through the lung was assessed as the difference between flow in the pulmonary artery and ductal flow; combined ventricular output as the sum of aortic and pulmonary artery flows; and flow through the foramen ovale as the difference between flows through the aorta and lungs. Results-Blood flow through the lungs increased exponentially with gestational age (r = 0-89, p < 0.001), by almost fourfold over the period of gestation studied, and was a mean (SD) of 22% (7%) of combined ventricular output. Blood flow through the foramen ovale increased exponentially by threefold (r = 0-77, p < 0-001), representing between 17% and 31% of combined ventricular output. Conclusions-Blood flow through the lungs and across the foramen ovale can be calculated non-invasively in the normal human fetus. Both flows increase exponentially with age and comprise between one fifth and one quarter of the combined ventricular output, proportions that remain unchanged through the second and third trimesters of pregnancy. (Br HeartJ_ 1994;71:232-237) During fetal growth and development, oxygenated blood returns to the right atrium from the placenta through the umbilical vein. It is preferentially streamed across the interatrial septum to the left side of the heart and distributed to the brachiocephalic circulation to support the disproportionately rapid cephalic growth that characterises the normal human fetus and other fetal primates. Most of our current understanding of blood flow through the fetal pathways has been derived from experimental animal models, in particular from the fetal lamb.1-4 These ovine studies have provided important insights into fetal circulatory dynamics,'-but lower order mammalian species differ in the distribution of blood flow particularly to the cephalic and placental circulations.5-9 As Doppler ultrasonography became available for routine human fetal monitoring, not only have cardiac structural abnormalities been diagnosed early in the second trimester,'s-4 but a better understanding of cardiac pathophysiology has allowed an increasing number of therapeutic interventions to be undertaken before birth.'5-'9 Furthermore, the changes in right and left ventricular outputs during the last trimester of pregnancy have been estimated by several investigators and produced concordant results.2>23 Measurement of volume of blood flow by Doppler ultrasonography has been validated both in vitro with calibrated roller pumps24 and in vivo with electromagnetic flow probes in the ovine fetus.25 Little is known of blood flow through the lungs and less still about interatrial shunting of blood in the normal human fetus during growth. Direct assessment of flow through the foramen ovale is not possible as blood flow velocity across it is multiphasic26 and the cross sectional area of the foramen ovale cannot be assessed because of its irregular shape.
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The aims of our study were to assess blood flow to the lungs and through the foramen ovale in the normal human fetus, to assess the changes in each with gestational age, and to determine the proportions of combined ventricular output they represent.
Patients and methods

PATIENT POPULATION
The study population consisted of 38 fetuses of mothers referred to the fetal cardiology department of Guy's Hospital who underwent Doppler sonography because they were con-abnormal pregnancies, immediate family histories of congenital heart disease, maternal diabetes, or exposure to a potential teratogen. Only fetuses with normal cardiac and circulatory anatomy and technically satisfactory Doppler echocardiograms were included. The mean (range) of gestational age was 26 (18-37) weeks.
ACQUISITION OF DATA
The maternal abdomen was scanned with a Hewlett Packard 77020A ultrasonoscope with a 3-5 or 5-0 MHz transducer. The fetal heart was located and a systematic sequential chamber analysis performed to confirm normal atrial situs and concordant atrioventricular and ventriculoarterial connections. The gestational age of each fetus was assessed from the first day of the last menstrual period, and normal growth was corroborated by measurements of the biparietal cephalic diameter, femoral length, or both. Cross sectional echocardiographic images were recorded to measure arterial diameters of the proximal main pulmonary artery, the proximal ascending aorta, and the ductus arteriosus from its origin at the main pulmonary artery. Echocardiographic images of the three great arteries were acquired with the ultrasound beam as close to a right angle to the arterial walls as possible. Velocity signals of blood flow were obtained with pulsed wave Doppler from the three great arteries (fig 1) . The Doppler sample volume was positioned within the lumen of each vessel. The pulsed wave Doppler beam was aligned as parallel as possible to the direction of blood flow. The angle of incidence between the Doppler insonating beam and the direction of blood flow in the great arteries was measured with the flow direction cursor, and recordings only analysed when this angle was < 200 and no angle correction was applied. We chose 200 because this underestimates true velocity by no more than 8%.
ANALYSIS OF DATA
The diameters of the ascending aorta and main pulmonary arteries were measured above the levels of the semilunar valves and the diameter of the ductus arteriosus was measured distal to its origin. The measurement of the diameter of each great artery was made from at least three cardiac cycles from leading edge to leading edge with the electronic calipers and the software analysis package of the Hewlett Packard ultrasonoscope. Individual measurements of diameters of the great vessel were rounded off to the nearest 0 5 mm because of the limitations in axial resolution of the 3-5 and 5 0 MHz transducer, and mean values were calculated for each artery. The cross sectional areas of the three great arteries were calculated assuming circular cross sections.
The Doppler velocity signals with the maximum amplitudes recorded from the ascending aorta, the main pulmonary artery, and the ductus arteriosus were digitised through the middle of the spectral envelopes with the Hewlett Packard microprocessor to obtain flow velocity time integrals for each vessel. A minimum of three Doppler velocity signals were digitised from each great artery and mean flow velocity integrals were calculated for each vessel. Mean heart rate was calculated in each fetus from the time intervals between consecutive Doppler velocity spectral envelopes of three cardiac cycles.
Volumes of blood flow in ml/min (Q) in each of the great arteries were estimated as the product of heart rate (HR), flow velocity integral (FVI), and the cross sectional area (CSA) of the vessel:
Blood flow through the lungs (QL) was calculated as the difference between main pulmonary artery flow (QPA) and ductal flow (QD):
where PA = pulmonary artery, and D = ductus arteriosus. Blood flow across the interatrial septum through the foramen ovale (QF) was estimated as the difference between QL and blood flow in the ascending aortic (QA):
where A = ascending aorta. Combined ventricular output (CVO) was obtained as:
The proportions of combined ventricular output that lung blood flow and foramen ovale flow represented were calculated as the ratios QL/CVO and QF/CVO respectively.
STATISTICAL ANALYSIS
The relation between ductal flow and gestational age, combined ventricular outputs and gestational age, blood flow through the lungs and gestational age, and between blood flow through the foramen ovale and gestational age were assessed by regression analysis. Gestational age was selected as the independent variable and the three estimations of blood flow were tested both as linear and logarithmic functions. The individual correlations were obtained (Pearson's correlation coefficients), and two sided p values and 95% confidence intervals (95% CIs) for the predicted means were derived with an asymptotic t statistic. Also, the variability of the ratios QL/CVO and QF/CVO with gestational age was evaluated.
The reproducibility of the echocardiographic measurements of the diameters of the great arteries and their impact on volume of flow has been previously reported92' and in our study was assessed in the three great vessels of 10 fetuses by two observers.
Results
The linear growth of the ascending aorta and Gestational age (wk) Figure 2 Relation between diameter of the ductus arteriosus and gestational age with 95% CIs.
main pulmonary artery has been described previously,2023 27 but the changes in ductal diameter with age have not been well characterised. In our study, the diameter of the ductus arteriosus increased linearly with gestational age (r = 0 78; p < 0-001; fig 2) . Peak blood flow velocities in the ascending aorta were higher than peak velocities recorded in the main pulmonary artery; both increased in amplitude with age. In fetuses between 18 and 22 weeks' gestation, blood flow velocities recorded in the ductus arteriosus were similar to those obtained in the main pulmonary artery. By contrast, in the fetuses >22 weeks' gestation, the peak velocity in the ductus arteriosus was substantially greater than the peak velocity in the main pulmonary artery, and when the pulsed wave Doppler sample volume was advanced from the main pulmonary artery into the ductus arteriosus there was an abrupt rise in amplitude of the peak blood flow velocity. Combined ventricular output, assessed as the sum of the flows through the pulmonary artery and ascending aorta, increased exponentially with gestational age (r = 0 93; p < 0 001) and is plotted therefore as the logarithm v age. This shows a linear relation ( fig  3) . Mean of pulmonary arterial blood volume flow was about 10% greater than mean ascending aortic flow. Blood flow in the ductus arteriosus increased exponentially with age Gestational age (wk) Figure 3 Relation between logarithm (7n) of combined ventricularflow and gestational age with 95% CIs. (r = 0-82; p < 0-001) and plotted as its logarithm showed a linear relation with gestational age (fig 4) . This represented a mean of 47% of main pulmonary artery blood flow, a proportion that remained unchanged throughout the period of gestation studied.
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lungs or through the foramen ovale in the normal human fetus or to investigate the changes in each with gestational age. We assessed the volume of blood flow in the three arteries of 38 normal human fetuses as the products of heart rate, flow velocity integrals, and cross sectional areas, having assumed that arterial cross sections were circular. Pulmonary artery flow was consistently larger than ascending aortic flow as in previous reports.2>" In fetuses of <22 weeks' gestation, peak blood flow velocity in the ductus arteriosus was similar to that in the main pulmonary artery, whereas peak blood flow velocity was substantially greater in the ductus of fetuses of >22 weeks' gestation. Moreover, in the older fetuses there was a rise in peak blood flow velocity when the Doppler sample volume was advanced from the main pulmonary artery into the ductus arteriosus, suggesting that the ductus was partially restrictive. The volume of blood flow each minute through the ductus increased progressively and exponentially with gestational age, and made up about 50% of pulmonary artery flow throughout the period of gestation studied, so that the functional significance of the step up in velocity of blood flow within the ductus could not be explained. The blood flow through the lungs was assessed as the difference between pulmonary artery and ductal flows, and increased exponentially more than threefold from 18 to 35 weeks' gestation in the normal fetuses we studied. The wide variability in blood flow to the lungs in the latter half of the second and during the last trimester most likely reflect genetically determined differences in fetal body weight and habitus that begin to be expressed during this period of gestation. Blood flow through the lungs represented about one fifth of combined ventricular output, and this proportion did not change with gestational age. The proportion of combined ventricular output that blood flow through the lungs represented in the human fetus was double that reported in the fetal lamb,' 34 and most likely reflects differences in regional blood flow between the two species. Furthermore, this relatively large proportion of cardiac output distributed to the lungs is consistent with the sizes of the branch pulmonary arteries and the pulmonary veins that appear full and not collapsed.
Blood flows across the interatrial septum through the widely patent foramen ovale to supply the brachiocephalic circulation with oxygenated blood and support the rapid cephalic growth that characterises normal human fetal growth. Volume of blood flow across the foramen ovale cannot be assessed directly because the blood flow velocity profile is multiphasic during the cardiac cycle26 and because the foramen ovale has an irregular shape that precludes accurate assessment of its cross sectional area. We assessed blood flow across the foramen ovale indirectly by subtracting blood flow through the lungs from that through the ascending aorta as this difference can only result from shunting of blood across the interatrial septum from right to left through the foramen ovale. A limitation of this method of measuring blood flow across the interatrial septum is that it takes no account of coronary or bronchial arterial flow, but both are small and moreover tend to cancel each other out. Blood flow through the foramen ovale increased more than threefold between 20 and 35 weeks' gestation and contributed more than half of the total left ventricular output, a proportion that did not alter significantly through the later part of the second and the third trimesters. Whether blood flow through the foramen ovale comprises even more of the combined ventricular output earlier in pregnancy when cephalic growth represents a comparatively greater proportion of the total body mass is unknown because accurate measurements of diameters of the great vessel during early fetal development is beyond the resolution of currently available ultrasound equipment.
We conclude that ductal flow and blood flow through the lungs and across the foramen all increase exponentially with age about threefold between 20 and 35 weeks' gestation. Blood flow through the lungs and foramen ovale comprise between one fifth and one quarter of the combined ventricular output, proportions that do not change significantly during the second and third trimesters of normal pregnancy. These initial data on blood flow through the lungs and the foramen ovale in the normal human fetus and their respective changes with gestational age are numerically and proportionally substantially different from the corresponding data reported in experimental animals. Now that Doppler ultrasound can be safely used to monitor the human fetus, the distribution of the combined ventricular output can be determined in the normal fetus in its undisturbed, normal state.
